[1] A recently proposed model links the formation and early evolution of the Tharsis volcanic province on Mars to the preexisting hemispheric dichotomy (Zhong, 2009) . A key aspect of this model is the assumption of a deep lithospheric root below the thicker crust of the southern highlands. We implemented a parameterization of partial melting into the 3-D spherical shell mantle convection code CitcomS in order to investigate whether the required lithospheric thickness variation can be generated self-consistently by partial melting when stiffening of the melt residue due to devolatilization is considered. The rate of melt production strongly depends on the mantle temperature, and additional strong coupling between the flow and partial melting is introduced through the stiffening effect on the melt residue. We find that it is possible to generate a lithospheric keel by partial melting above a single upwelling that excites a relative rotation between the one-plate lithosphere and the mantle below while producing the amount of melt distributed in a broad region constrained to one hemisphere that is necessary to form the crustal dichotomy. This scenario thus offers an internal mechanism for the Martian dichotomy formation and validates the hypothesis of Zhong (2009).
Introduction
[2] The crustal dichotomy and the Tharsis volcanic province are major global physiographic features on Mars. The dichotomy, clearly manifested as a mean elevation difference between the lower-topography northern and highertopography southern hemispheres, was already identified from the Mariner 9 data [e.g., Hartmann, 1973] . It is well explained by a bimodal crustal thickness distribution [Neumann et al., 2004] . The formation mechanism of the more ancient dichotomy ($4.1 Ga [e.g., Nimmo and Tanaka, 2005] ) remains a subject of an extensive debate in planetary science. Different hypotheses invoke both external causes such as a giant impact [Wilhelms and Squyres, 1984; Andrews-Hanna et al., 2008; Marinova et al., 2008; Nimmo et al., 2008; Reese et al., 2010] or multiple impacts [Frey and Schultz, 1988] , and mechanisms of internal dynamics such as long-wavelength mantle convection [Lingenfelter and Schubert, 1973; Wise et al., 1979; Zhong and Zuber, 2001; Roberts and Zhong, 2006; Ke and Solomatov, 2006] , a large-scale overturn of unstable postmagma ocean cumulates [Elkins-Tanton et al., 2003 , 2005 or an early episode of plate tectonics on Mars [Sleep, 1994; Lenardic et al., 2004] .
[3] Tharsis volcanic province in the western hemisphere is the location of most volcanism on Mars in the last $4 Gyr [Banerdt et al., 1992; Tanaka et al., 1992] . The bulk of Tharsis was probably in place before the Late Noachian or one to few hundred Myr after dichotomy formation [Phillips et al., 2001; Solomon et al., 2005; Nimmo and Tanaka, 2005] . A mantle plume origin remains the most prevalent explanation for Tharsis [Hartmann, 1973; Harder and Christensen, 1996; Breuer et al., 1996; Kiefer, 2003; Solomon et al., 2005; Roberts and Zhong, 2006] , even though an "edge-driven convection" was also proposed [King and Redmond, 2005] . Analyses of tectonic and volcanic features in the western hemisphere of Mars suggest a timed sequence of tectonic centers and an early migration of Tharsis volcanism from southern latitudes ($40°S) toward the equator over the first few 100 Myr of Tharsis existence [Frey, 1979; Mège and Masson, 1996; Anderson et al., 2001; Johnson and Phillips, 2005] . Recently, on the basis of analyses of crater density and new geological mapping of the southern hemisphere, Hynek et al. [2011] suggest that the Tharsis volcanism may have started near the center of the southern highlands at even higher latitudes.
[4] The spatial characteristics of both the crustal dichotomy and the Tharsis province on a global scale (both are predominantly spherical harmonic degree 1 constructs), their present-day relative orientation (Tharsis straddles the dichotomy boundary), and the inferred early migration discussed above motivated Zhong [2009] to propose a dynamic model that links these two global scale structures. In this model, it is assumed that the dichotomy was generated by partial melting with a strong hemispheric asymmetry, as would be the case of melting above a single major upwelling in mantle convection with a spherical harmonic degree 1 planform [e.g., Zhong and Zuber, 2001; Roberts and Zhong, 2006] . Consequently, the thicker crust below the southern highlands is considered underlain by a thick lithospheric keel that represents a devolatilized residue after partial melting [Pollack, 1986; Hirth and Kohlstedt, 1996] . The lateral viscosity variations due to the keel could then excite a strong toroidal velocity flow field, including a degree 1 toroidal motion, i.e., a relative motion between the one-plate lithosphere and the underlying mantle.
[5] This hypothesis was tested using convection models with a prescribed lithospheric keel spanning one hemisphere (i.e., the hemisphere with thickened crust) [Zhong, 2009; Šrámek and Zhong, 2010] . The thermal upwelling of oneplume convection first forms below the thickest lithosphere at the center of the keel. Subsequently, a rotation between the lithosphere and the upwelling plume is observed, such that the upwelling migrates toward regions of smaller lithospheric thickness. When the upwelling reaches the keel edge (i.e., the dichotomy boundary), the relative motion ceases. The volcanism above the plume would show a pattern of early migration and subsequent stabilization near the dichotomy boundary, as inferred for Tharsis.
[6] However, our previous dynamic models did not include partial melting from the plume and formation process for the crustal dichotomy, which prevented us from addressing the question of whether the large lithospheric thickness variation can be self-consistently produced. Although previous studies [Kiefer, 2003; Li and Kiefer, 2007; Ogawa and Yanagisawa, 2011] considered partial melting in 2-D regional scale mantle dynamic models for Tharsis and Martian mantle convection in general, Keller and Tackley [2009] first investigated the possibility of dichotomy formation by partial melting in 3-D global mantle dynamic models. However, they focused on the production of the crustal material; devolatilization effects of partial melting were not considered, and therefore the modulation of the flow by the stiff melt residue could not be captured. Here, we newly include a consistent description of partial melting in our model. We consider the effect of partial melt residue stiffening on the plume-lithosphere dynamics to address the following questions: Can the lithospheric thickness variation with a strong hemispheric pattern (and a corresponding crustal thickness pattern) be generated as a result of partial melting? Is such a lithospheric thickness variation sufficient to excite the relative motion between the lithosphere and the mantle, as was the case with a prescribed lithospheric keel in our previous models [Zhong, 2009; Šrámek and Zhong, 2010]? 2. Model [7] We investigate thermal convection in a 3-D spherical shell representing Martian mantle, following our previous studies [Roberts and Zhong, 2006; Zhong, 2009; Šrámek and Zhong, 2010] . The model setup is the same as that of Šrámek and Zhong [2010] and Roberts and Zhong [2006] except for the partial melting. The incompressible mantle under the extended Boussinesq approximation is heated both from within and from below. Viscosity h(r, T) is depth and temperature dependent [Roberts and Zhong, 2006; Šrámek and Zhong, 2010] , and includes a 25-fold increase in viscosity at 1020 km depth. It was shown that such a viscosity profile results in generation of a spherical harmonic degree 1 convection in a relatively short time ($100 million years) [Roberts and Zhong, 2006] . Possible mechanisms for such a viscosity increase with depth were discussed in previous studies [Roberts and Zhong, 2006; Zhong and Zuber, 2001] , although significant uncertainties remain. The depth-dependent thermal conductivity a(r) and thermal diffusivity k(r) are linear functions of radius. The Rayleigh number Ra is calculated from the reference values of thermal expansivity, thermal diffusivity and viscosity at the bottom of the mantle, and uses the planetary radius as the characteristic length scale.
[8] The equations are solved using the finite element convection code CitcomS [Zhong et al., 2000 [Zhong et al., , 2008 with tracers for the compositional field [McNamara and Zhong, 2004] . Isothermal and free-slip boundary conditions on temperature and velocity are imposed on top and bottom boundaries. The parameters of the calculations are listed in Table 1 .
[9] The main new aspect of the present model is the inclusion of partial melting which is discussed in detail here. We use the melting parameterization of Katz et al. [2003] and use tracers to monitor the degree of melting. At each time step after the new temperature field is calculated, we perform the following procedures that were added to the CitcomS code.
[10] 1. For each tracer position, we calculate the equilibrium degree of dry melting F eq from the local (P, T) condition (given by Katz et al. [2003] ) and compare it to the actual degree of melting F which is advected by the tracers.
[11] 2. If F eq > F, the amount F new tr = F eq À F of new melt must be generated at the tracer and the degree of melting is updated (F eq → F). If F eq ≤ F, no new melt is generated (F new = 0).
[12] 3. Then for each finite element, the degree of new melting F new el is calculated as the average value over the tracers (F new tr ) within this element. The volume of newly generated melt in each element is readily computed. We assume a density of 2800 kg m À3 for the melt (i.e., crustal material), that is, a difference of 600 kg m À3 between the mantle and crustal densities.
[13] 4. The values of newly generated melt volume are then projected from the centers of elements to the nodal points.
[14] 5. We assume that the newly produced melt is immediately extracted to the surface where it increases the local crustal thickness above the subsurface melting location. Therefore, at each lateral nodal point location, we sum up the contributions from all the nodes along the vertical, and calculate the new addition to the crustal thickness at the corresponding surface nodal point. This is clearly a crude simplification that neglects the transport of partial melt in the upper mantle and crust, however, it is an obvious approximation in a global convection model, similar to previous studies [Kiefer, 2003; Li and Kiefer, 2007; Keller and Tackley, 2009] .
[15] 6. A nonzero surface horizontal velocity (e.g., relative motion of lithosphere shell to the mantle) also requires advection of the crustal thickness field that is generated by the extracted partial melt.
[16] 7. The latent heat of melting is accounted for as a heat sink in the energy equation in the next time step. We use a value of 640 kJ kg À1 for the latent heat [Navrotsky, 1995] .
[17] The presence of hydrogen (water) can decrease the solidus temperature significantly [e.g., Kushiro et al., 1968] . Even though some argue for the mantle source region of recent volcanism on Mars to be relatively dry (<36 ppm [e.g., Carr and Wänke, 1992] ), others suggest water concentration up to several hundred ppm (i.e., comparable to terrestrial mantle) [McSween et al., 2001] , and even higher water content for primordial mantle [Médard and Grove, 2006] . Hauck and Phillips [2002] argue that wet primordial mantle is required to satisfy the constraints on thermal and crustal evolution of Mars. In this study we only use the dry solidus of Katz et al. [2003] ; it is very close to the Bertka and Holloway [1994] solidus that was used in several previous studies investigating Martian melting [e.g, Kiefer, 2003; Li and Kiefer, 2007] , and slightly colder than the Herzberg et al. [2000] solidus used by Keller and Tackley [2009] .
[18] The use of a melting relation for a nominally anhydrous mantle may seem to introduce an inconsistency into our model, given that we do consider the effect of dehydration on the melt residue. However, as Hauck and Phillips [2002] suggest, the effect of hydrogen on rheology is probably stronger than its modification of melting. Moreover, in our model, using a hydrous melting relation would have similar effect as increasing the mantle (i.e., CMB) temperature, which is varied in our models. In any case, detailed investigation of different melting parameterizations in not the focus of this study.
[19] The residual material left behind after melting is assumed to have increased viscosity due to devolatilization (dehydration) compared to mantle that has not been subject to partial melting. We have considered two different parameterizations of the melt residue viscosity prefactor h F as a function of the degree of melting F. In some cases, we used a simple step function viscosity prefactor equal to 1 below and 200 above a 5% degree of melting threshold. It is also possible to treat hydrogen (water) as an incompatible trace element characterized by a distribution coefficient D H = X H solid /X H melt where X H is the concentration of hydrogen; the usually adopted value is D H ≈ 0.01 [e.g., Katz et al., 2003] . The viscosity variation with hydrogen content has been shown to follow h / (X H solid ) Àp with p ≈ 2 [e.g., Korenaga and Karato, 2008] ; this assumes that the melt has been extracted. Assuming equilibrium fractionation of hydrogen upon melting leads to
We limit the melt residue viscosity increase to 200 at most. The two parameterizations of melt residue viscosity are shown in Figure 1 . We also consider several cases with a smaller melt residue viscosity increase.
Results
[20] The key feature of this study is the production of the crust from partial melting and the interaction of melt residue with mantle convection. We found that the partial melting is mainly controlled by two parameters: the mantle temperature and lithospheric thickness. The mantle temperature affects the rate of partial melting by changing the plume temperature. The mantle temperature can be modified either by changing the CMB temperature or by adjusting the internal heating rate in the mantle. Lithospheric thickness determines the minimal depth where the plume can ascend to cause the partial melting. We now present model calculations with different parameters.
[21] First, we ran a series of four cases where we considered two different values of the core-mantle boundary temperature T CMB and both of the two parameterizations for the melt residue viscosity discussed above (see Table 2 , cases 1-4 for parameters). The models were started from an initial temperature condition corresponding to a developed Step function (solid green line) and continuously varying h F (dashed blue line). spherical harmonic degree 1 flow (i.e., a single thermal upwelling) that is consistent with the model parameters [e.g., Roberts and Zhong, 2006] . The internal heating rate Q = 7.4 Â 10 À8 W m À3 corresponds to 90% of the heating rate at 4.56 Ga based on Wanke and Dreibus's [1994] chemical abundances and results in a convecting mantle largely heated from within (by 80%-85% for cases 1-4).
[22] In Figure 2 we show the snapshots of temperature and melt residue and the map view of the crustal thickness for case 1 (T CMB = 2000 K, continuous h F ). The initial one-plume temperature field is shown in Figure 2a ; initially there is no crust and no melt residue. Figures 2b and 2d show the situation at 322 Myr after some melting occurred. A melt residue material has spread along the bottom of the lithosphere and forms an initial lithospheric root (seen as a 5% melt residue blue contour in Figure 2b ). The new crustal production is relatively localized in a region above the upwelling (Figure 2d ), but the lithosphere has already started to rotate relative to the plume, which can be seen from the $30°angular separation between the plume and the keel center ( Figure 2b ). The melt generation and the plume-lithosphere relative rotation continue; by 636 Myr the initial melt residue keel has migrated by roughly 120°relative to the plume while new melt residue was added to the bottom of the lithosphere as the rotation proceeded ( Figure 2c ). The region of new thick crust is extended accordingly (Figure 2e ).
[23] In Figure 3 we plot the amount of crustal material ( Figure 3a ) and average temperature ( Figure 3b ) against time for cases 1-4. The amount of crust is shown as the thickness of a global uniform layer of crustal material. We also show the amount of crust necessary to generate the dichotomy. Simply considering the difference between the two peaks in bimodal topography distribution of $26 km [Neumann al., 2004] and assigning half of the surface area to the highlands with thickened crust, we get a rough estimate of 13 km equivalent global crustal thickness required for the dichotomy formation. We highlight a region of 13 AE 3 km crustal thickness in Figure 3a .
[24] Snapshots of temperature and melt residue and the surface crustal thickness for cases 2-4 are shown in Figures 4 and 5, respectively. Case 2 differs from case 1 by an increased CMB temperature (T CMB = 2100 K). The rate of melt generation is therefore higher than in case 1 (Figure 3a) . Initially the crustal production is localized above the plume as in case 1, but because of mantle overheating (further discussed below) melting occurs globally after about 500 Myr (Figure 5a ). Furthermore, as the mantle heats up the plume excess temperature becomes smaller and no relative rotation between the weaker upwelling and the lithosphere is observed (Figure 4a ). Cases 3 and 4 are identical to cases 1 and 2, respectively, except that the step function melt residue viscosity parameterization was used (for these cases, the blue contour at 5% degree of melting in Figure 4 exactly traces the high-viscosity region). Their evolution (Figures 4b, 4c , 5b, and 5c) is qualitatively similar to cases 1 and 2, but they show differences in the amount of melt generation as well as the rate of mantle heating, as will be discussed in details later (Figure 3) .
[25] The rate of melt production is sensitive to the dimensional CMB temperature. The value of the CMB temperature changes the dimensional mantle and plume temperature and their relation to the solidus. Increasing T CMB from 2000 to 2100 K roughly triples the rate of melt production between otherwise identical models (i.e., compare cases 1 and 2 and cases 3 and 4).
[26] We also observe a strong effect of the melt residue on the thermal evolution, and its sensitivity to the chosen melt residue viscosity dependence on the degree of melting. Initially the melting region within the hot plume spans a depth range of $50-200 km. The stiff melt residue material sticks to the bottom of the thermal lithosphere and increases the local lithospheric thickness. This effective thickening of the thermal boundary layer results in decrease in the conductive heat transport to the surface. As a result the mantle temperature and consequently the plume temperature increases (Figure 3b ) and this moves the base of the melting zone to larger depths (up to 400 km depth), thus enhancing the melting.
[27] In cases with continuously varying melt residue viscosity, the effect of the stiff melt residues is more pronounced relative to cases with a step function melt residue viscosity. With the step function h F , the melt residue stiffening does not come into play until the degree of melting reaches the chosen threshold of 5%. With continuous h F , the viscosity of the melt residue increases significantly for relatively small values of degree of melting; for example, the viscosity increases by a factor of 10 at F = 2.2% (Figure 1) . The melt residue hinders the flow and thickens the thermal boundary layer starting at low values of degree of melting. As a result, the melt production is inhibited while the temperature increases more rapidly in cases with continuous h F relative to cases with a step function h F (Figure 3) .
[28] In cases 1-4 discussed above we set the maximum melt residue viscosity increase to 200. In order to investigate whether this choice has any significant effect on the outcome we computed two additional cases, 3b and 3c, which are identical to case 3 except for the melt residue viscosity Figure 2 ). contrast which was lowered to 100 and 50, respectively. We also include case 3 d where the residue lacks any viscosity contrast (i.e., h F = 1; Table 2 ). In Figure 6 we show the comparison of the crustal production ( Figure 6a ) and mantle temperature (Figure 6b ) over time. Cases 3, 3b, and 3c give essentially identical results, while case 3 d shows faster crustal production and slower mantle temperature increase because of the absence of the stiff melt residue effects. The convection calculations were performed in a reference frame with no net rotation of the entire mantle [Zhong et al., 2008] . Individual spherical horizontal layers can, however, exhibit a nonzero rotation in this reference frame, if lateral variations in viscosity exist in the mantle [e.g., Zhong, 2009] . For each layer of finite elements, we can find the coordinates of the rotation pole and the angular rotation rate. In Figure 6 we show the rotation rates (Figure 6c ) and the relative position of the rotation poles with respect to the surface layer pole (Figure 6d ) for cases 3 through 3 d at time of 350 Myr. The relative rotation between the lithosphere and the mantle is clearly seen in Figures 6c and 6d , and the amplitude of the rotation of $20°/100 Myr is very similar between cases 3, 3b, and 3c. We therefore conclude that the lithospheremantle rotational dynamics are insensitive to the exact value of the melt residue viscosity increase in the explored range of 50 to 200. The lack of significant rotation in case 3 d clearly demonstrates that melt residue stiffening is necessary for the proposed mechanism. Temperature-dependent viscosity alone, although causing lateral variations in mantle viscosity, is not efficient in causing the rotation as was already shown by Zhong [2009] and Šrámek and Zhong [2010] .
[29] The strong coupling between melt generation, and the thermal evolution and mantle flow that we observe in the models is expected when the stiffening of the melt residue is considered. If we let the cases just presented evolve further in time, the temperature would continue to increase, resulting in further melting and more melt residue, which would then feed back and further increase the temperature because of insulation by the thickening lithosphere. In the present model, the internal heating rate as well as the CMB temperature are kept constant in time. In a real planet, however, the internal radiogenic heat sources would decay with time and the core would cool down as it loses heat to the mantle. Furthermore, fractionation of heat producing elements into the crust (not modeled here) would modify the internal heat source distribution in the mantle. In this modeling, we choose not to account for all these additional effects, but rather employ a simple modification in the following cases.
[30] In cases 5-7 (Table 2) we reduced the internal heating rate to one half of the chondritic heating rate at 4.5 Ga. As a simple rationale, this may reflect a previous fractionation of heat producing elements into a primordial crust of uniform thickness, not contributing to the dichotomy. The models are started from the same initial temperature condition as cases 1-4 which now represents a warmer mantle than what corresponds to the model parameters, and therefore the mantle may cool down with time. The ratio of internal to bottom heating decreases with time in cases 5-7 but internal heating remains dominant (bottom heating accounts for 30% of the surface heat loss at most). Cases 5-7 differ in the CMB temperature; it was set to 2000, 2100, and 2200 K in cases 5, 6, and 7, respectively (Table 2 ). Rather than computing cases with both parameterizations of the melt residue viscosity dependence as we did in cases 1-4, in the following we only use the step function melt residue viscosity. Of course, both parameterizations are only simplifications of the actual dehydration stiffening and may be considered the end-member cases of the real behavior. The relative trends between the two descriptions were seen in cases 1-4; in cases 5-7 the continuously varying melt residue viscosity would result in somewhat slower mantle cooling and smaller crustal thickness than the step function melt residue viscosity. From a numerical perspective, a step viscosity increase for the melt residue viscosity gives better convergence of the numerical solutions and faster run time.
[31] Cases 5-7 were run for a duration of 900-1000 Myr. The temporal evolution of the crustal production and the average temperature is shown in Figure 7 . The average mantle temperature now decreases with time, as the reduced internal heating more than compensates for the insulating effect of the stiff melt residue. Only in the case with the hottest CMB (2200 K, case 7) the mantle temperature starts to increase again toward the end of the calculation; this is caused by the insulating effect of a thick, essentially global melt residue layer that forms in this case.
[32] In addition to the time evolution of the total crustal volume shown in Figure 7a , we show the map view of the crustal thickness in Figure 8 . As expected and already observed in previous cases, the amount of melting depends strongly on the mantle temperature. For low T CMB (2000 K, case 5), the melt production is restricted to a small region above the upwelling; in Figure 8a we show the crustal thickness at the end of the calculation run. The volume of new crust is relatively small and insufficient to explain the dichotomy (Figure 7a ).
[33] For high T CMB (2200 K, case 7), a large volume of melt is quickly produced which exceeds the melt volume needed to form the dichotomy (Figures 8b and 7a) . Even though the thickest crust is produced above the plume, significant melt production occurs globally, including the hemisphere antipodal to the plume. Here, the thickness of the crust appears to be elevated along a circular path around the plume centers (Figure 8b ). This is caused by the modulation of the large-scale flow by the stiff melt residue. The initial extensive melting within the upwelling produces a sizable melt residue region. This later prevents the convecting mantle to reach the melting depth at this location. The flow is diverted and most melting then occurs around the edges of the early melt residue domain where the melting depth can be reached. We stress that this is not a manifestation of lateral melt transport (not modeled here) but merely reflects a horizontal variability in the melt production due to lithospheric thickness variations; this is an observation relatively early in the evolution (at 195 Myr, corresponding to the snapshot in Figure 9g ) before any significant rotation of the lithosphere occurs.
[34] At intermediate T CMB (2100 K, case 6), the volume of generated melt is comparable to the amount required to form the dichotomy (Figure 7a) . Initially, melting is relatively localized (Figure 8c) . Later when the upwelling begins to migrate relative to the lithosphere, the region of significant crustal thickness broadens and eventually reaches a roughly hemispheric extent (Figure 8d ).
[35] Relative motion between the lithosphere and the upwelling of various amplitudes is observed in most cases discussed here; we will focus the discussion on cases 5-7. In Figure 10 we show the rotation rates (Figure 10 , left) and the relative position of the rotation poles with respect to the surface layer pole (Figure 10 , right) for cases 5-7 at several different times. In case 5 the amount of melting is quite small, and therefore the volume of the high-viscosity melt residue (above 5% melting) is relatively insignificant, laterally spanning a region of just few tens of degrees in angular extent (see snapshots in Figures 9a-9c ). Some rotation of the lithosphere relative to the upwelling can be seen but the rotation rate is small (Figure 10a ) and a relative rotation of only about 20°is reached (Figure 9c ). Moreover, there seems to be some decoupling between the average rotation of the low-viscosity upper mantle and higher-viscosity lower mantle (Figure 10b) .
[36] Cases 6 and 7 show a consistent rotation between the lithosphere and the underlying mantle; here the net rotation of the upper mantle is identical to that of the lower mantle (Figures 10c-10f) . As the upwelling moves away from below the thickest melt residue, more melt and residue are being generated, which broadens the region with significant crustal thickness and drives further rotation. A total amount of lithospheric relative rotation with respect to the plume of over 120°was reached (Figures 9f and 9i) . Maximum angular separation rates between the lithosphere and the upwelling of $20°/100 Myr in case 6 and $70°/100 Myr in case 7 were observed.
Cessation of Plume Migration
[37] In the framework of this model, an important question is what causes the volcanic center to stabilize near the dichotomy boundary or Tharsis for the last $3.5 Gyr. In our previous studies [Zhong, 2009; Šrámek and Zhong, 2010] where the lithospheric keel was imposed rather than generated by melting, the relative motion between the lithosphere and the upwelling ceased when the upwelling reached the edge of the keel. Of course, secular cooling of Mars should decrease the rate of melt production, and therefore the melt residue generation will slow down, resulting in a smaller lithospheric thickness variation. A particularly high rate of secular cooling has been suggested during Noachian, as evidenced from the abrupt increase of the inferred elastic thickness of the lithosphere for ages prior to the end of Noachian [McGovern et al., 2002] . This rapid cooling was possibly caused by efficient hydrothermal heat transfer in the fractured, water saturated layer of the upper crust which may have reached down to depth of $10 km [Parmentier and Zuber, 2007] . The secular cooling would slow down the migration of the plume relative to the lithosphere but may not be sufficient to essentially shutdown the relative rotation completely. Another effect of cooling of the planet is the increase of the interior viscosity, including the upper mantle viscosity. The more sluggish flow, particularly in the upper mantle below the lithosphere, should also contribute to the shutoff of the plume migration.
[38] We devised a way to investigate the effect of mantle viscosity on the magnitude of the plume-lithosphere relative rotation rate. The goal is to compare the rotation rates for cases that differ in mantle viscosity but are otherwise identical; most importantly cases with identical lithospheric thickness variation. Therefore we considered cases K1-K3 (Table 2) without partial melting where a lithospheric keel of a hemispheric extent is imposed at the outset, rather than generated from convection and partial melting. The geometry we used for the keel is identical to keel A of Šrámek and Zhong [2010] ; it is 260 km thick at the center and its thickness decreases linearly with angular distance from the center down to zero at 90°arc distance from the keel center. The three cases are started from identical initial thermal condition (the same as in cases 1-7) and the keel is initially centered above the plume. The only difference between the cases K1-K3 is the value of the internal heating rate that determines the cooling rate of the mantle (Table 2 ). [39] In Figure 11 , we show the average temperature as a function of time and the lithosphere-mantle relative rotation rate as a function of upper mantle viscosity for cases K1-K3. The difference in internal heating rate results in different evolution of the mantle temperature (Figure 11a ) and therefore of the value of temperature-dependent viscosity in the upper mantle (Figure 11b ) between these cases. The common initial state is indicated by a black cross in Figure 11b . In all the three cases, we can identify an initial stage when the relative rotation rate between the lithosphere and the mantle increases. Then the rotation rate reaches a maximum value which corresponds to the fastest migration of the plume away from the center of the keel. Later, when the plume approaches the keel edge, the rotation slows down again. Despite the temporal variability of the rotation rate within each case, there is a clear trend for a characteristic relative rotation rate to decrease with increasing viscosity. It appears that the maximum relative rotation rate is proportional to the inverse of upper mantle viscosity (showed as dashed line in Figure 11b ).
[40] Overall, it seems that the development of the lithospheric keel edge (i.e., the dichotomy boundary) and the stabilization of the plume (i.e., Tharsis) center near it in the last $3.5 Gyr could be explained as the effect of secular cooling, through a combination of diminishing rate of melt production, increasing of upper mantle viscosity, and remelting of previously devolatilized material at later times leading to negligible viscosity increase of the melt residue. Subsequent plume melting would not substantially modify the keel edge, and we have already shown in a previous study that the upwelling can remain essentially stationary relative to the keel edge [Šrámek and Zhong, 2010] .
Discussion
[41] In this work we newly test an important aspect of the "rotation of the lithosphere" model for Mars of Zhong [2009] . Our previous modeling efforts [Zhong, 2009; Šrámek and Zhong, 2010] assumed that the process of hemispheric dichotomy formation left behind a deep lithospheric keel below the thicker highland crust, and examined how such a lithospheric keel excited relative rotation of lithosphere with respect to the underlying mantle and mantle plume, thus offering a possible mechanism to unify the formation of crustal dichotomy and Tharsis. Here we investigated whether such a lithospheric keel can be generated self-consistently as a devolatilized residue material after partial melting, and whether such dynamically generated lithospheric keels and thickness variations can produce lithospheric rotation relative to the mantle.
[42] There are some general points to be made. Rather obviously, the amount of partial melting strongly depends on the dimensional mantle temperature; in this study we used partial melting parameterization by Katz et al. [2003] but this finding is general. For example, increasing the CMB temperature from 2000 to 2200 K between our models 5 to 7 causes the melting rate to increase by a factor of roughly 10. Of course, a low enough mantle temperature would produce no melting while further increasing the temperature would eventually lead to catastrophic melting in a laterally continuous layer. The amount of melting is further complicated by water content of the mantle that may affect the melting temperature significantly [e.g., Médard and Grove, 2006] . Here, we only want to emphasize that given some proper mantle conditions (e.g., CMB temperature, mantle internal heating rates and water content), mantle melting from oneplume convection may generate additional crust that is adequate to account for the crustal dichotomy.
[43] Accounting for the viscosity increase of a devolatilized melt residue [Pollack, 1986; Hirth and Kohlstedt, 1996] introduces a strong coupling between the partial melting, the convective flow in the mantle and the thermal evolution. A melt residue layer generated by an early melting may add to the local lithospheric thickness, prevent the upwelling to reach melting depth, deflect the flow laterally and change the location of subsequent melting. A large lithospheric thickness variation then results in a rotation of the one-plate lithosphere relative to the mantle below. Of course, the degree of melting-melt residue viscosity dependence for the melt residue is likely more complicated than the simple parameterizations that we used here. It may even vary regionally, especially if isolated pockets of melt remain trapped at melting depths in some areas, in which case the melt residue may in fact be locally weakened. Here we wanted to keep the model relatively simple and did not consider these complexities.
[44] The melt generated at depth and extracted to the surface is interpreted as the crustal material of Mars. It represents the additional thick crust in the highlands. Case 6 broadly satisfies the observational constraints on the crustal volume and its spatial distribution, necessary to generate the dichotomy. This thick highland crust is generated continuously, over a period of several hundred million years, above the one thermal upwelling in the mantle. As the one-plate lithosphere develops the thickness variation due to the presence of the high-viscosity melt residue, it migrates relative to the upwelling at a rate of 10°-20°/100 Myr. As melting continues, the crustal material ends up distributed over an extensive region, rather than being piled up locally in a narrow zone. The hemispheric extent of the thick crust regions can be seen in Figure 12 , where we plot the crustal thickness for case 6 at time 978 Myr in orthographic hemispherical projection (Figure 12e) . We also show a map of the average crustal age (Figures 12a and 12b ) and the average age of the youngest 25% of the crust (Figures 12c and 12d) . The location of the thermal upwelling center and its past migration relative to the lithosphere are also shown in Figure 12 . There is a clear progression of crustal ages from the oldest ages near one side of the thick crust region where the upwelling was originally located toward the other edge to which the plume migrated. The older terrains would correspond to the eastern side of the southern highlands while the younger crust would represent the western (Tharsis) region, even though the crustal age variation in this model shows larger amplitude that what is generally accepted for the southern highlands of Mars. We propose that the crustal dichotomy may have been generated by this mechanism. It may be extremely difficult to find clear geologic evidence of the proposed scenario, given the ancient age of the features. However, the new analysis of Hynek et al. [2011] based on geologic mapping, crater morphometry and age dating, and examination of crustal magnetic signature provides some observational evidence for this model. Hynek et al. [2011] argue for a plume track from near the center of the dichotomy toward Tharsis region manifested as extensive volcanic resurfacing of older cratered terrains. The present modeling results do not provide a clear match to their observation, even though Figure 12d hints at some late crustal addition along the plume track.
[45] Our model of relative motion between the lithospheric shell and the underlying mantle and mantle plume may have implications for true polar wander (TPW), even though they are caused by different physical mechanisms, as already pointed out by Zhong [2009] . The rotation of the lithosphere may generate similar tectonic features to those Figure 12 . Maps of (a, b) average crustal age, (c, d) average age of the youngest 25% of the crust, and (e) crustal thickness for case 6 at 978 Myr (as in Figure 8d ). Crustal ages are not shown in areas where the thickness of crust generated by convection is below 4 km. The centers of the orthographic hemispherical projections in Figures 12b, 12d , and 12e are indicated by circles in Figures 12a and 12c . The current center of the thermal upwelling (calculated at midmantle depth) is indicated by a green star, and its past track is shown as a green line.
expected for TPW (such as stress patterns related to the deformation of rotational bulge), in particular in the case where the axis of relative rotation between lithosphere and the mantle differs significantly from the spin axis [Zhong, 2009] . TPW on Mars has been a controversial topic. Significant TPW (>50°) in the last 4 Gyr was suggested in studies on paleomagnetic poles [Arkani-Hamed and Boutin, 2004; Hood et al., 2005] and deformed ancient shorelines [Perron et al., 2007] while TPW during or prior to Early Noachian (4.08-3.93 Ga) was inferred from the analysis of the moment of inertia from the Martian crustal dichotomy [Roberts and Zhong, 2007] . However, the lack of global tectonic deformation predicted from TPW calculations [Melosh, 1980; Grimm and Solomon, 1986] and stabilizing effect of thick elastic shell on the spin axis [Willemann, 1984] were used as evidence for negligible TPW on Mars, although recent theoretical work by Matsuyama et al. [2006] indicated that significant post-Tharsis TPW is possible, which provided the basis to interpret the paleoshorelines in terms of TPW [Perron et al., 2007] ; recently, Matsuyama and Manga [2010] have reduced somewhat estimates of likely TPW. Our proposed relative motion of lithosphere shell and the mantle plume is concurrent with formation of the crustal dichotomy and predates Tharsis, and it is possible that the variations in paleomagnetic pole locations [ArkaniHamed and Boutin, 2004; Hood et al., 2005] may result from our proposed scenario rather than TPW. It remains to be assessed how TPW and our proposed motion of lithosphere shell relative to the underlying mantle may manifest themselves in surface deformation.
[46] The present model contains several simplifying assumptions that need to be discussed. First, an obvious objection to the present model is the use of the initial condition with a fully developed spherical harmonic degree 1 flow (i.e., a single upwelling), although such a degree 1 flow develops dynamically self-consistently for the given viscosity structure [e.g., Roberts and Zhong, 2006] . Some melting must have occurred prior to our starting point during the earliest Martian evolution that led to a long-wavelength flow. This early melting generated some primordial crust, arguably more uniformly distributed over the surface. This early crustal production may have generated a relatively uniform global crust (that is, a nonzero crustal thickness inferred for the thinner crust of the northern hemisphere), together with magma ocean solidification process [e.g., Elkins-Tanton et al., 2003 ]. An early melting episode would have extracted some water from the mantle. The issue of early devolatilization is still debated. While Fraeman and Korenaga [2010] argue for an efficient early loss of initial mantle water content, other studies suggest much more limited or more gradual mantle dehydration [e.g., Hauck and Phillips, 2002; Grott et al., 2011] . It is therefore possible that significant amount of water remained in the mantle after an early crustal production that preceded the sequence proposed in our model. In this study we wanted to investigate the important aspect of global melt generation in degree 1 convection and the dynamical coupling between the stiff melt residue and the convecting mantle. A more complete model of Martian evolution would involve additional complexities, in particular the question of the postaccretion state of the Martian mantle and the appropriate initial condition, which becomes more important when melting is included in the model. The dynamic effect of the viscous melt residue does introduce an additional strong coupling between the thermal evolution and the melting; it will be interesting to explore to what extent this feedback might affect the development of the preferred convective planform. In particular, future efforts need to address whether such more complete model that links the immediate postaccretion/ postdifferentiation state to subsequent thermal evolution can satisfy all the constraints on the inferred time sequence of dichotomy and Tharsis formation.
[47] Second, fractionation of heat-producing elements into the crust is not modeled. This effect would feed back to the long-term thermal evolution of the mantle and limit the crustal production at later times. We can estimate the degree of fractionation using a simple calculation. For example, at the end of computation of case 6 a mass fraction of 34% of the mantle experienced at least 1% melting. Assuming that the crust was generated by melting of 34% of the mantle, the average degree of melting is $4%. For the highly incompatible heat producing elements (HPE; i.e., U, Th, K) this translates into 25-fold enrichment in HPE of the crust relative to the initial mantle composition and depletion of the residual mantle by 1/3 on average. Moreover, we keep the internal heating rate constant with time, rather than have it decay exponentially. This also overestimates the mantle temperatures at later stages.
[48] Third, we assume for simplicity that all the melt is instantaneously extracted to the surface. The complexities of melt extraction, such as extrusion at surface versus subsurface intrusion in the crust, or possible trapping of melt at large depth or refreezing, are not considered (for an example of a coupled magma-mantle dynamics model, see, e.g., Katz [2010] ). Nor does the model include lateral transport of melt at or below the surface; such crustal flow may result in modification of the crustal thickness distribution. In fact, as pointed out by Zhong [2011] , properly accounting for the crustal flow during and immediately after the dichotomy formation and comparing it against the present-day inferred crustal thickness [Neumann et al., 2004] will be a necessary step to validate any model for the dichotomy formation, endogenic or exogenic, and possibly discriminate between different hypotheses.
[49] Considering the aforementioned effects would modify, to various degrees, the modeled melt production curves and crustal distribution patterns, but would not change our main conclusions.
Conclusions
[50] We have formulated 3-D spherical shell convection models for Martian mantle where we included partial melting and the effect of melt residue stiffening. The amount of melting is highly sensitive to the mantle temperature and further coupling between melting, mantle flow and thermal evolution is introduced through the high-viscosity melt residue. We show that lithospheric thickness variation and a corresponding crustal thickness variation with a hemispheric extent can be generated by partial melting in the Martian mantle with a spherical harmonic degree 1 convection pattern (i.e., single thermal upwelling). Rotation of a one-plate lithosphere with respect to the upwelling and the underlying mantle can then be excited. This may offer an endogenic mechanism for the generation of the Martian crustal dichotomy and subsequent evolution of the Tharsis volcanic province.
